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Abstract 

Lepton generation universality holds very well in Z decays, but appears to be vio- 
lated in recent LEP data of W leptonic decay branching fractions. If this trend persists, 
a consistent and natural explanation is a model of generation nonuniversality, based 
on the gauge group SU{2)l x U{1)r x U{1)b-l- 
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1 Introduction 



The principle of universality of the weak interaction is a concept of deep and enduring 
significance. The idea arose originally more than fifty years ago and has been directly and 
indirectly related to a number of fundamental developments in particle physics The 
Standard Model of particle interactions incorporates universality in a fundamental way that 
all 3 generations of left-handed (right-handed) quarks and leptons are doublets (singlets) 
under the same SU{2)l x f/(l)y gauge group and the couphngs are universal parameters. 
Therefore we may call the weak interaction universality also the generation universality. 

Test of weak interaction universality in the quark sector is essentially a test of the CKM 
unitarity. Precise measurements are hitherto confined to the elements of the first row and a 
definite conclusion is not possible before more precise data become available |2] 11] • 

The universality of the leptonic Z couplings has been accurately tested at LEP and SLC 
through a precise analysis of e^e^ ^ Z —>■ ff data and it is now verified to the 0.15% 
level for the axial vector couplings, while only a few percent precision has been achieved for 
vector couplings 0. For the universality of the leptonic charged couplings, it can be tested 
indirectly in r decays and the current data verify it to the 0.2% level [HllZl- 

Recently the LEP2 W^— pair sample has made it possible for the first direct measurement 
of all leptonic W decay branching ratios, i.e. j3][5]P[TU] 

Br{W eue) = 10.65 ± 0.17% 

Br{W ^ /iz/^) = 10.59 ± 0.15% 
Br{W TUr) = 11.44 ± 0.22% 

It should be noted that the branching fractions in taus with respect to electrons and 
muons differ by more than two standard deviations while the branching fractions of W into 



electrons and into muons perfectly agree. Assuming only partial lepton universality the ratio 
between the tau fractions and the average of electrons and muons can be computed: 



resulting in a poor agreement at the level of 3.0 standard deviations, with all correlations 
included. If these data persist, then a puzzle is presented as to whether generation univer- 
sality is truly fundamental or not after all. In particular, one should look for a theoretical 
framework which allows deviation from generation universality at a few percent level in the 
W leptonic decays while keeping the verified generation universality at 0.2 percent level in 
the Z leptonic decays. 

Perhaps the well tested e — fi universality and less well tested e — fi — t universality are 
only accidental and approximate symmetries in analogy with flavor SU{2) and SU{3), and 
owe their existence to certain mass scale inequalities yet to be discovered. This theoretically 
attractive possibility was proposed by the authors in the so-called gauge model of generation 
nonuniversality over twenty years ago pi]. With the discovery of a heavy top quark, the 
smallness of CKM mixing angles, and the huge hierarchy in masses, the idea of treating 
the third generation differently from the flrst two generations have now received much more 
attention. From the point of view of modern effective fleld theory, the conservation of baryon 
number, lepton number, the absence of FCNC's and weak universality can be explained as a 
consequence of accidental symmetries if the Standard Model is an effective theory. In fact, in 
an effective fleld theory, the leading term in the expansion often has some new approximate 
symmetry and the discovery of neutrino oscillation and neutrino mass can be considered 
as a flrst evidence of this approach. Thus a possible violation of the universality of weak 
interactions should not be unexpected. 

The phenomenology of the gauge model of generation nonuniversality was studied in 
later publications CSj CI] CH] • The difference of the branching fractions in taus with 




1.077 ±0.026 
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respect to electrons and muons in W leptonic decay, in particular, was expected in the 
U{1) X Sf/(2)i2 X SU{2)3 model [HdS], where the subscripts (12) and 3 refer to 1st and 2nd, 
and 3rd generation of fermions. The same order of the difference in Z leptonic decay, however, 
was also expected. In this paper the lepton universality is reanalyzed in the light of the 
recent LEP result of the W leptonic decay branching fractions in a generation nonuniversality 
version of the gauge model SU (2)/, x f/(l)/j x [/(I) ^-l- It is found that the observed pattern 
of lepton universality and nonuniversality in Z and W decays can be reproduced. 

2 The model 

Our model is based on a generation nonuniversality version of the gauge model SU{2)l x 
Uil)R X Uil)B-L, the gauge group Sf/(3), x 5f/(2)e^ x Sf/(2), x [/(l)^^^ x f/(l)^, x f/(l),e^ x 
U{l)^r with gauge couplings gs, g2ei„ fi'2r, gxe^^, 9xr^9vei,, 9vT, respectively. The fermions are 
assumed to transform as follows: 

(m, d)L ~ (3, 2, 1, 0, 0, 1/3, 0), URr^ (3, 1, 1, 1, 0, 1/3, 0), cIr ^ (3, 1, 1, -1, 0, 1/3, 0); 
(z/, e)L ~ (1, 2, 1, 0, 0, -1, 0), u,R ~ (1, 1, 1, 1, 0, -1, 0) cr ~ (1, 1, 1, -1, 0, -1, 0). 
(t, b)L ~ (3, 1, 2, 0, 0, 0, 1/3), tR ~ (3, 1, 1, 0, 1, 0, 1/3), Br ~ (3, 1, 1, 0, -1, 0, 1/3); 
(z/, r)L ~ (1, 1, 2, 0, 0, 0, -1), UrR ~ (1, 1, 1, 0, 1, 0, -1, ) tr ~ (1, 1, 1, 0, -1, 0, -1). 

(2) 

It is understood that the second generation of fermions transforms as the first generation 
and all fermions are so-called weak eigenstates. 

The scalar sector consists of four doublets 

(e , ~ (1, 2, 1, 1, 0, 0, 0), (0+ , 00 J ~ (1, 1, 2, 0, 1, 0, 0), 
(0+ , (Pi) ~ (1, 2, 1, 0, 1, -1, 1), (0+ , 0OJ ~ (1, 1, 2, 1, 0, 1, -1), 
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(3) 

with the vev (vacuum expectation values) Vee, Vrr, Ver-i and v^-e respectively which break the 
usual electroweak symmetry to U{l)em and give masses to the leptons; four singlets 

X° ~ (1, 1, 1, 1, -1, 0, 0), v^^ (1, 1, 1, 0, 0, 1, -1), 

- (1, 1, 1, 1, 0, -1, 0), C - (1, 1, 1, 0, 1, 0,-1), 

(4) 

and one self-dual bi-doublet 

^ = "_f)~ (1,2,2,0,0,0,0), (5) 

such that T] = r2?7*T2. Each column is a doublet under SUii)^^ and each row is a doublet 
under SU{2\. 

Let {rj^) = u (which breaks S\J{2)^^, x SU{2)^ to the usual S'f/(2)i), = z (which 
breaks t/(l)xeM x ^(l)xr to t/(l)x,) {v^) = w (which breaks U{l)ven x U{l)vr to t/(l)y), 
(Ce^) = X (which breaks C/(l)j^eM x C/(l)ye^ to C/(l)yeju) and (C°) = y (which breaks U{l)y,r x 
t/(l)v, to ^7(l)y,). 

Instead of the six gauge couplings we will use the electric charge e and the ratios of 
coupling constants sin^ 9, cos^ (p, a, 6, and c 

1 _ 1 , 1 . 
1_1,1. 1_1,1. 

<^ 92en 92r 9o 9^ 9v 



1_1,1. 1_1,1. 

T — ~2 1 2~) — ~2 1 2 — ) 

fl'x ^xe// 9xT 9v 9VeiJ, 9Vt 



f2r i^xr ^'Vr 

(6) 



G 

Also instead of nine vev's we will use the Fermi constant and the ratios of vacuum 

V2 

expectation values r, s, t, 1 — ^,1 — -^,1 — ^, and 1 — ^, 

^ — ; — 2~ — ' 1 ~2 — ; — 2~ — ■s, —2 — ; — 2~ — ^-i S + T — i + r, 

1 l_ ^re + ^rr . 1 1 _ ^re + ^rr . 1 1 _ ^re + ^rr ■ 1 l_ ^re+,^rr . 

(7) 

(Note that x and y appear only in the combination + y^.) In order to reproduce the 
observed approximate universality a hierarchy for vev's 



2;^ » + » fgg, ff^, f^g, 

is necessary and 

v/^4+^4+^4+^ = 174 GeV 
is the electroweak symmetry breaking scale. 

3 The effective charged-current four-fermion weak in- 
teraction at low energy 

The effective charged-current four-fermion weak interaction at low energy is given by J3] 
where 

Jr = i/;7"(l-75)/ + i^^7"(l-75)/i 
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J- = z7.7"(l-75)r 



Thus the r leptonic decay width is given by 

r(r ^ W^u,) = (r(r WiUr)f'^{l - 2(1 - 1)), (8) 

where / = e,/z and (r(r — Zz/^z/^))^^ can be calculated from experimental measurements of 
/i decay rate, m^, m^, M]^ and a'-^fm.^) [T7]. 



where 

/(a;) = 1 _ 8a; + 8a;^ - a;^ - 12a; In a; 

The e — /i — runiversality can be tested by comparing the above theoretical prediction with 
the measurements of r lifetime and lepton decay branching ratios 

i?r(r — s> IviVr) 

4 The lightest W and Z bosons 

Due to the mixing with the extra gauge bosons the masses of the lightest W and Z get the 
shift 

, ,9 ttq; 1 
- 



^/2Ga sin' ^(1 + Apc) 



Apc = -(l-|)a[2-(l + r)a] (9) 



v/2G^ sin2ecos2^(l + ApTv) 

ApAT = Apc 

+ (1- i)cos4 0(l + r) 



1 [t-6(, + t)] 
+ ^^~ TTT — 



2 



. (10) 

, r 

2 



r/'' 1 + r 
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By identifying the lightest Z as the observed Z the sin^ d can be related to the (sin^ QwT"^ 

m 



sin' e = (sin^ e^f^^il - Ap^v) (h) 



1-2.^ 



where Sq is defined as usual by 



.^(1 - si) - 



Thus the mass of the observed W is 



M'w = (M^)'^(l - Ape + ^-^2^Pn) (12) 



and its charged-current interaction is given by 



with 



^'^ = ^ii^[^^ + + + ^9dJ;]W^ + h.c. 



A4 = (l-^)a[l-(l + r)a] (13) 



Agl = -{1 - - a)[l - (1 + r)a] (14) 



1 

Therefore the couplings of the lightest W to Wi and rz/,- are 
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respectively and the coupling ratio is 

-gWm=i^f''i^ + ^9l~H) (15) 

To the leading order, the finite fermion mass effects in the W leptonic partial decay widths 
can be neglected and we obtain 

Tww = {Twwf^il + |^4^Ap^ - ^Apc + 2A4) 



Using Sq = 0.23 we have 

T'ww, = {Twiuf'^il + 2.mApN - O.SOOApc + 2A4) 
^wrur = {^wrurf^il + 2.139Apjv - O.SOOApc + 2A^^^) 
The neutral-current interaction of the hghtest Z can be written as 

^ (V2G,Miy/'fri9vf - 9an,)fZa 
with the effective axial-vector and vector couplings 

9af = (p^y^'hif) 

where 

pf = (p/)SM + 

sin^ei = (sin^^f^)S^ + Asin^^;g 
For the charged leptons / we have 

Ap' = Ap^ + 2A4 + 2Ag'^ 



for the charged lepton r we have the similar equations with replacement I ^ t. 
For neutrinos vi 



Ap^' = ApM + 2Ag\ + 2Agi + 2Ag'^j^ 



where we have assumed the seesaw mechanism for neutrino masses. Also the 
Z — > T is used for v^.. 



Notice that Apjv comes from the mass shift of the hghtest Z due to mixing with extra 

2 

Z bosons, 2 i ^PN is the shift from sin^ 6', A^f's are the couphng shifts of the hghtest Z 

^0 ~ '^0 

due to mixing with extra Z bosons. 

A^i = -(1 - 1) (1 + r) cos^ - (1 - \)h[t - + t)h] (21) 
A^; = -(1 - 1)(1 + r) cos^0 + (1 - - h)[t - + (22) 



(23) 
(24) 



Ag'p = -(l-i)(l + r)cosV 

l)5[t-(, + t)6]-(l- l)c(r-s) 

A^^ = -(l-i)(l + r)cos2 

+ (1 - - ^)[^ - + ^)^'] + (1 - - c)(r - s) 

From Ap^ , A sin^ O^jj- and the effective vector and axial- vector couphngs of the Standard 
Model we can obtain the Zff partial decay width 

r/ ^ (r/)SM(i + A/ - %^Asin^ eif,), 

9vf+9af 

the asymmetry 

Af = {Af^ + l^^^gZlMl^ A sin^ 9l,f, 
and the forward backward asymmetries 

AU = {AUf"^ + ^[{Aef^'AAf + [Aff'^AAe] 

where g^f, Qaf and Q{f) are vector coupling, axial vector coupling and electric charge of 
fermion / in the SM respectively. 

It should be emphasized that the description in terms of the gauge-boson mass shifts 
Ap's and coupling shifts Agi's is quite general in the sense that it depends only on the gauge 
group structure and the assignments of fermion quantum numbers. In this context, a few 
remarks are in order: 
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Because of the weak isospin symmetry the large nonuniversahty effects in W charged 
lepton decays will induce sizable nonuniversahty effects in Z decays as well. In or- 
der to maintain the verified generation universality at 0.2 percent level in Z leptonic 
decays, two isospin singlet nonuniversally coupled neutral gauge bosons must be in- 
troduced with chiral and vector couplings respectively. This leads to our generation 
nonuniversahty version of the gauge model SU{2)l x U{1)r x U{1)b-l- 

In this model however, Asin^6'gfj, the shift of sin^^^g, does depend on the electric 
charge Q{f) and B — L charge V{f) of a given fermion / (charged leptons, up and 
down quarks) although Ap-'^, the shift of , does not. Therefore the nonuniversahty 
effects at the Z pole for charged leptons, up and down quarks cannot be minimized 
simultaneously. Sizable nonuniversahty effects in the quark sector are thus expected. 

In contrast to the SM, quark mixing in our gauge model of generation nonuniversahty 
has more unknown parameters because the Cabibbo-Kobayashi-Maskawa matrix is no 
longer unitary. At this time it is not possible to use the experimental data of the quark 
sector to put meaningful constraints on the model. 

The shift Ap'^' of p'^', also depends on the third component of weak isospin Izi^i) and 
the B — L charge V{vi) of neutrinos. As a result, significant nonuniversahty effects in 
the neutrino sector may also be expected in this model. 

However, as shown below, the nonuniversahty effects at the Z pole for charged leptons 
and neutrinos can be minimized simultaneously. This allows us to explain the exper- 
imental result that the number of light neutrino species given by the ratio of the Z 
decay width into invisible particles Vinv and the leptonic decay width Vij is only slightly 
below (by two standard deviations) the value of 3 expected from 3 observed fermion 
families 
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Taking Sq = 0.23, in particular, we have 

Tin. = (r.™)^*^[l + ^Pn + ^(A4 + /\gl - A(?y + ^(A(7[ + ^gl - ^g})] (25) 

T/z = (l + 1.209Ap^ + 2.146A4 + 1.510A(7i + 0.318A(7^) (26) 

= {Trff^ (l + 1.209Ap7v + 2.146Ac/[ + 1.510A^^ + 0.318A^^) (27) 

Ai = (A)S^ +2.574Ap^ + 1.805A4- 6.043A^^ + 3.924A^^ (28) 

Ar = {Arf^ +2.574Apjv + 1.805A^[ - 6.043A^^ + 3.924A^^ (29) 

^0'^ = (^°'^)S^^ +0.614Ap;v + 0.430A4 - 1.442A^^ + 0.936A^^ (30) 

^p'b = (^fb)^^ +0.614Apjv + 0.215A4 + 0.215A^[ 

-0.721A^;^ - 0.721A^;^ + 0.468A^' + 0.468A^S 



5 Constraints from present data 

At present the high data available for testing lepton universality are the mass and leptonic 
branching ratios of the charged W boson j3] [S] CO], the neutral Z leptonic decay widths and 
asymmetries PI . A global fit (using MUNUIT program) to these measurements is performed 
and the results, including the LEP and SLD measurements used, the fit values and pull of the 
Standard Model, and the fit values and pull of this model are summarized in Table 1. The 
X^/d.o.f of our fit is 6.38/9 to be compared with 17.44/17 in the Standard Model jS] which, 
however, does not maximize the discrepancy in the W leptonic branching fractions of Eq. (1). 
If subsequent maximization is made (instead, fit to the ratios Br{W —>■ fiu^)/Br{W — > eue), 
Br{W TVr)/Br{W ev^) and Br{W TVr)/Br{W pt'/,)), then ours is 4.74/9 to be 
compared with 28.66/17 in the Standard Model. 

The best-fit values of our parameters are functions of Ap^v and are therefore not unique. 
One example is given below: 
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Apc = -0.0008 ± 0.0008; Ap^ = 0.0000; 



= -0.0133 ± 0.0079; Agl - Ag\ = 0.0344 ± 0.0220; 
A^^ = 0.0127 ± 0.0079; Ag^ - Ag^^ = -0.0333 ± 0.0216; 
Agi = 0.0265 ± 0.0145; Agl - Agl = -0.0687 ± 0.0411. 



(32) 



The interesting point is that the central values of the best fit parameters satisfy 



Agl - A^i ~ -{Ag^p - Ag'^) ~ -(A^^^ - A^) ~ 3A4 



which are determined by the group structure and fermion assignments of the model. 

The above constraints when combined with low-Q^ measurements such as the low energy 
r decays [HllZl, the low energy u^e scattering |[19j and the polarized M0ller scattering j20j, 
should then determine more of our model parameters and make predictions of the properties 
of the extra charged and neutral gauge bosons and other rich phenomenology like z/gC scat- 
tering e+e^ /^^/^~! e^e~ t^t^ etc. We shall leave that for future publications 

6 Conclusion 

The recent LEP data of the W leptonic decay branching fractions provide the first evidence 
for possible violation of lepton generation universality. It is shown that this deviation from 
lepton universality in W leptonic decays and the observed approximate lepton universality 
in Z decays result consistently and naturally in a generation nonuniversality version of the 
gauge model 5^/(2)^ x U{1)r x Uil))B-L- 
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tion under Grants No. 90103017 and 10475106. The work of E.M. was supported in part by 
the U. S. Department of Energy under Grant No. DE-FG03-94ER40837. 
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W mass 
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80.4250 ± 0.0340 


80.3940 


-0.91 
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T{W eUe){GeV) 


0.2272 ±0.0082 


0.2267 


-0.06 


0.2207 


-0.78 


r(iy ^/iz7^)(GeV) 


0.2259 ±0.0080 


0.2267 


0.10 


0.2207 


0.64 


T{W TUr){GeV) 


0.2440 ± 0.0092 


0.2267 
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Table 1: Fit Values of 17 High Leptonic Observables. The measurements with 
total errors are quoted from references |3]and ^Oj. The SM values of the F^; and Finv are 
calculated from the SM values of M|, Tz and R^. W leptonic partial decay widths are 
calculated from Br{W Ivi) and rvy(GeV). 
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